Forty-eight strains representing the eight recognized Rhizobium species, two new Phaseolus bean Rhizobium genomic species, Bradyrhizobium spp., Agrobacterium spp., and unclassified rhizobia from various host plants were examined by restriction fragment length polymorphism (RFLP) analysis of 16S rRNA genes amplified by polymerase chain reaction (PCR). Twenty-one composite genotypes were obtained from the combined data of the RFLP analysis with nine endonucleases. Species assignments were in full agreement with the established taxonomic classification. Estimation from these data of genetic relationships between and within genera and species correlated well with previously published data based on DNA-rRNA hybridizations and sequence analysis of 16S rRNA genes. This PCR-RFLP method provides a rapid tool for the identification of root nodule isolates and the detection of new taxa.
DNA-DNA homology based on quantitative DNA-DNA hybridization is considered the standard method for the designation of species (12, 39) . The phylogenetic approach based on DNA-rRNA hybridization or comparison of 16S rRNA or rDNA nucleotide sequences can be applied to the classification of isolates at the species and higher levels (12) . These methods are time-consuming and thus are not appropriate for routine identification. However, variations in 16S rRNA genes can also be estimated by restriction fragment length polymorphism (RFLP) analysis of 16S rDNA sequences amplified by polymerase chain reaction (PCR). This PCR-RFLP method has recently been used successfully in the differentiation of Leptospira species (33) .
Comparison of sequences of 16S rRNA genes has permitted differentiation between Rhizobium species (10, 16, 24, 29, 37, 41, 42, 44) . In this study, we have investigated the value of the RFLP analysis of PCR-amplified 16S rRNA genes for identifying Rhizobium species and, eventually, for estimating genetic relationships between taxa. The work was conducted with type and (or) reference strains of Rhizobium, Bradyrhizobium, andAgrobacterium, a genus closely related to Rhizobium (17, 41, 42) , and with unclassified root nodule isolates.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study are listed in Table 1 . They represent reference and type strains of the eight recognized Rhizobium species; isolates of two new Rhizobium genomic species nodulating P. vulgaris (11, 24) ; reference strains of B. japonicum, Agrobacterium rhizogenes, and A. tumefaciens; and additional unclassified rhizobia from various hosts.
Sample preparation for direct amplification of DNA from cell cultures. Total DNA was extracted as previously described (26) . Cells were grown on agar slopes of TY medium (2) for 24 h at 28°C and washed in sterile distilled water. The cells were pelleted by centrifugation and resuspended in sterile distilled water. The cell suspension was adjusted to an (31) . A dendrogram was constructed from the distance matrix by using the unweighted pair group method with arithmetic mean (UP-GMA) (38) . The neighbor-joining tree-building method was also used (34) . RESULTS PCR amplification of 16S rRNA genes. DNAs of all 48 strains tested were amplified with the ribosomal primers used. All the strains but two produced a single band of about 1,500 bp (data not shown). This size corresponded to the expected size of the 16S rRNA genes among bacteria (40) . Two strains of R. tropici type IIA, CFN 299 and C-05-35, produced a single band of about 1,600 bp, which was the expected size for CFN 299 since an insertion of 72 nucleotides has recently been found in its 16S rDNA sequence (41) .
RFLP analysis of amplified 16S rRNA genes. From 5 to 11 distinct restriction patterns were detected with each of the nine endonucleases and strains used ( Table 2 ; Fig. 1 ).
Restriction fragments shorter than 90 bp produced by some endonucleases were not well resolved by electrophoresis in 3% Nusieve 3:1 agarose. Thus, the size of PCR products estimated by summing the size of the restricted fragments ranged from 1,200 to 1,600 bp. It was smaller than or equal to the size of undigested PCR products depending on the endonuclease and the strain used.
The different patterns obtained for each enzyme and each strain are listed in Table 2 . Twenty different combinations of patterns representing 20 different 16S rDNA genotypes were detected in the 48 strains analyzed by RFLP with the nine endonucleases used (Table 2 ; Fig. 2 ). None of these genotypes were shared by two Rhizobium species, but five R. tropici strains, including the type strain, CIAT 899, exhibited the same genotype as that of A. rhizogenes A4. Some polymorphism could be found at the intraspecies level within the genus Rhizobium. Two genotypes were detected within R. etli and R. tropici, and three genotypes were found within R. loti. Among the R. tropici strains, one of the genotypes was characteristic of the strains yielding a larger amplified fragment whereas the other was found among the strains producing an amplified fragment of the regular size.
A minimum of four enzymes, CfoI, Hinfl, MspI, and NdeII, or CfoI, Hinfl, RsaI, and NdeII or MspI, was necessary to resolve the Rhizobium strains into species. These combinations of enzymes had the same discriminating power as the combination of nine enzymes. Genetic relationships between amplified 16S rRNA genes. To estimate genetic relationships between PCR-amplified 16S rRNA genes, we calculated a matrix of pairwise genetic distances for the 16S rDNA genotypes defined in Table 2 . A mean of 41 restriction fragments per strain were analyzed. The distance matrix (Table 3 ) was used to construct a dendogram based on the UPGMA algorithm (Fig. 2) . The other algorithm used, neighbor-joining, built a similar dendrogram with few differences of topology (data not shown). Restriction patterns of the two strains which had an insert in their 16S rRNA gene sequence were not included in this analysis. These strains shared no restriction patterns with the other strains.
Three major groups were delineated and corresponded to (37) , but the polymorphism we found might well reflect a heterogeneity of the taxon. Isoenzyme analysis indicated a marked genetic diversity of this group (32) . The three strains analyzed here represent three lineages diverging at a genetic distance of about 0.55 (32) . However, until DNA-DNA homology data are available for R. etli strains, no conclusion on the degree of homogeneity of the species can be drawn.
For R. loti species, our results are consistent with both DNA-DNA homology data and results of sequence analysis (5, 18, 41) . The two strains, NZP 2213 and NZP 2234, that exhibited three different 16S rDNA restriction patterns were only 60% related by DNA-DNA hybridization (5, 18 Table 2 . The number of strains which exhibited the same genotype is indicated in parentheses.
fragments (10) . The two R. meliloti strains analyzed were species and among Rhizobium spp., Bradyrhizobium spp., classified in subgroup A previously defined by Eardly et al.
and Agrobacterium spp. perfectly correlates with those (9) on the basis of isoenzyme analysis. In agreement with obtained from phylogenetic studies based on DNA-rRNA this classification and data from 16S rDNA sequencing (10), hybridization (18) and comparisons of 16S rRNA gene sethe PCR-RFLP 16S rDNA genotypes of these strains did not quences (41, 42, 44) . Rhizobium and Agrobacterium species differ.
form a group distinct from Bradyrhizobium species and are Estimation of genetic relationships between Rhizobium phylogenetically intertwined (17, 41, 42) . A revision of the (24) . R. galegae constituted a lineage which branched with A. tumefaciens and genomic species 2 of bean-nodulating rhizobia as previously described (17, 24, 41, 42) . No relationship was found by the PCR-RFLP method between the R. loti-R. huakuii cluster and any other Rhizobium and Agrobacterium species examined, which is again consistent with data based on DNArRNA hybridization (17) and comparisons of entire sequences of 16S rRNA genes (41, 42) . Thus, these data prove the usefulness of the PCR-RFLP method for rapidly identifying the known relatives of unclassified strains or new isolates. However, estimations of genetic divergences between strains on the basis of RFLP data imply the absence of length variation between 16S rRNA genes. The recent finding of insertions in these genes for some R. tropici strains (41) , which has no precedent in prokaryotes, constitutes the main limit of the PCR-RFLP method for genetic relationship analysis.
The unclassified rhizobia examined in this study were found to be closely related to (24) . Strain USDA 3497 isolated from Leucaena leucocephala was closely related to this species, which is consistent with the finding that genomic species 1 strains are also able to nodulate L. leucocephala in addition to P. vulgaris (11) . The ability to nodulate both host plants is also a characteristic of R. tropici strains and bean-nodulating rhizobia of genomic species 2 (11, 29 (33) , who used a similar PCR-RFLP method to categorize Leptospira species, this method is not generally sufficient to define a species when DNA-DNA hybridization or sequence data are not available to support the translation of RFLP genotypes into species designations. In particular, because of the conserved nature of the 16S rDNA sequences, the method may be limited in the differentiation of closely related species, as in this study for R. tropici and A. rhizogenes. Less highly conserved DNA sequences could be analyzed along with 16S rRNA genes in order to increase the discriminating power at the intraspecies level. Intergenic spacers between 16S and 23S rDNAs have been used as variable regions in PCR-RFLP analysis of bacteria (19, 30) . Alternatively, other PCR-based methods involving single random primers or primers derived from repetitive sequences have been shown to produce various fingerprints allowing differentiation at the strain level among rhizobia (6, 13, 21) .
The PCR-RFLP method used in this study appears to be a rapid tool for the differentiation and estimation of genetic relationships between Rhizobium 16S rRNA genes at the species and higher levels. This method allows the identification of root nodule isolates or, at least, the determination of their known relatives, since intraspecies variations have probably not been fully described yet. The method will also be very useful in clarifying the taxonomic status of rhizobia that nodulate less extensively studied leguminous plants and in detecting potential new taxa. Since DNAs could be amplified directly from cells or from nodules (13), the method should be particulary helpful in studies requiring rapid examination of numerous isolates. Moreover, since the pair of primers used has been shown to be able to amplify 16S rDNA from many bacterial genera (40) , the method might be used for the identification of strains of other genera than those examined in this study.
